Using broadband ferromagnetic resonance, we measure the damping parameter of [Co(5 Å)/Pt(3 Å)]×6 multilayers whose growth was optimized to maximize the perpendicular anisotropy. Structural characterizations indicate abrupt interfaces essentially free of intermixing despite the miscible character of Co and Pt. Gilbert damping parameters as low as 0.021 can be obtained despite a magneto-crystalline anisotropy as large as 10 6 J/m 3 . The inhomogeneous broadening accounts for part of the ferromagnetic resonance linewidth, indicating some structural disorder leading to a equivalent 20 mT of inhomogenity of the effective field. The unexpectedly relatively low damping factor indicates that the presence of the Pt heavy metal within the multilayer may not be detrimental to the damping provided that intermixing is avoided at the Co/Pt interfaces.
I. INTRODUCTION
Thanks to their large perpendicular magnetic anisotropy, their confortable magneto-optical signals and their easy growth by physical vapor deposition 1 , the [Co/Pt] multilayers are one of the most popular system in spintronics. Early in spintronics history this model system was used to study the physics of domain wall propagation 2 , for the development of advanced patterning techniques 3 and for the assessment of micromagnetic theories 4 . More recently they have been extensively used as high quality fixed layers in perpendicularly magnetized tunnel junctions, in particular in the most advanced prototypes of spin-transfer-torque magnetic random access memories memories 5 . Despite the widespread use of Co/Pt multilayers, their high frequency properties, and in particular their Gilbert damping parameter remains largely debated with experimental values that can differ by orders of magnitude from 6 0.02 to 20 times larger 7 and theoretical calculations from circa 0.035 in Co 50 Pt 50 alloys 8 to slightly smaller or substantially larger values in multilayers made of chemically pure layers 9 . Direct measurements by conventional ferromagnetic resonance (FMR) are scarce as the high anisotropy of the material pushes the FMR frequencies far above 6 10 GHz and results in a correlatively low permeability that challenges the sensitivity of commercial FMR instruments 10 . As a result most of the measurements of the damping of Co/Pt systems were made by alloptical techniques 11, 12 in small intervals of applied fields. Unfortunately this technique requires the static magnetization to be tilted away from the out-of-plane axis and this tilt renders difficult the estimation of the contribution of the material disorder to the observed FMR linewidth using the established protocols 13 ; this is problematic since in Co-Pt systems there contributions of inhomogeneity line broadening and two-magnon scattering by the structural disorder (roughness, interdiffusion, granularity,...) are often large 14, 15 . It is noticeable that past reports on the damping of Co/Pt systems concluded that it ought to be remeasured in samples with atomically flat interfaces 11 . Besides, this measurement should be done in out-of-plane applied field since this eases the separation of the Gilbert damping contribution to the linewidth from the contribution of structural disorder 16 . In this paper, we measure the damping parameter of [Co(5 Å)/Pt(3 Å)] ×6 multilayers whose growth was optimized to maximize perpendicular anisotropy anisotropy. The sputterdeposition is performed at an extremely low 17 Argon pressure in remote plasma conditions which enables very abrupt interfaces that are essentially free of intermixing. We show that in contrast to common thinking, the Gilbert damping parameter of Co/Pt multilayers can be low; its effective value is 0.021 but it still likely 16 includes contributions from spin-pumping that our protocol can unfortunately not suppress.
II. EXPERIMENTAL
Our objective is to report the high frequency properties of Co/Pt multilayers that were optimized for high anisotropy. The multilayer is grown by sputter-deposition on a Ru (50 Å) buffer and capped with a Ru(70 Å)/Ta(70 Å)/Ru(100 Å)/Ta(10 Å, cap) sequence (bottom to top order). The Ru buffer was chosen because it does not mix with Co-based multilayers even under tough annealing conditions 18 . The stacks were deposited by physical vapor deposition in a Canon-Anelva EC7800 300 mm system on oxidized silicon substrates at room temperature. The Argon plasma pressure is kept at 0.02 Pa, i.e. substantially lower than the usual conditions of 0.1-0.5 Pa used in typical deposition machines 17 . As this multilayer is meant to be the reference layer of bottom-pinned magnetic tunnel junctions, in some samples ( fig. 1) III. STRUCTURE X-ray reflectivity scans (not shown) indicate Bragg reflexions at 2θ = 11, 22.2 and 33.6 deg., consistent with the multilayer periodicity of 8 Å. Consistently, the Pt to Co intermixing is sufficiently low that well formed 3Å Pt spacers can be seen the Transmission Electron Micrograph after annealing [ Fig. 1(a) ]. Almost no roughness is observed throughout the Co/Pt multilayer. We emphasize that this quality of interfaces is almost equivalent to that obtained in Molecular Beam Epitaxy conditions 22 . Indeed Co and Pt are strongly miscible such that hyperthermal (high energy) deposition techniques like sputter deposition do not easily yield this low degree of intermixing, except when the deposition is conducted under sufficiently low plasma pressure in remote plasma conditions, i.e. when the substrate-to-target distance is large to avoid direct plasma exposure to the film being deposited.
IV. ANISOTROPY
The magnetic material properties were measured by vibrating sample magnetometry (VSM) and Vector Network Analyzer ferromagnetic resonance 23 in both easy (z) and hard axis (x) configurations. For VNA-FMR the sample is mechanically pressed on the surface of a 50 microns wide coplanar waveguide terminated by an open circuit; data analysis is conducted following the methods described in ref. 24 . The VSM signal indicated a magnetization M s = 8.5 × 10 5 kA/m if assuming a magnetic thickness of 48 Å, i.e. assuming that the [Co(5 Å)/Pt(3 Å)] ×6 multilayer can be described as a single material. The loops indicate a perpendicular anisotropy with full remanence. The reversal starts at 46.8 mT and completes be- fore 48 mT with a tail-free square hysteresis loop. Careful attempts to demagnetize the sample using an ac perpendicular field failed to produce a multidomain state at remanence. This indicates that the lowest nucleation field in the whole sample is larger that the domain wall propagation field everywhere in the film. This low propagation field indicates qualitatively that the effective anisotropy field is very uniform. The hard axis loop indicates an in-plane saturation field of ≈ 1.3 ± 0.1 T in line with the expectations for such composition 3 . The rounding of the hard axis loop near saturation and its slight hysteretic remanence [ Fig. 1(c) ] impedes a more precise deduction of the anisotropy fields from the sole hard axis loop.
We shall instead use the ferromagnetic resonance data because magnetization eigenfrequencies constitute absolute measurements of the effective fields acting on the magnetization. Fig. 2 gathers the measured FMR frequencies measured for in-plane and out-of-plane applied fields from -2.5 to 2.5 T. To analyze the microwave susceptibility data, we assume an energy density that reads E =
θ with θ the (supposedly uniform) angle between the magnetization and the sample normal. Our convention is that the first and second order magneto-crystalline anisotropy fields H k1 = 2K 1 /(µ 0 M S ) and H k2 = 4K 2 /(µ 0 M S ) are positive when they favor perpendicular magnetization, i.e. θ = 0.
In that framework, the ferromagnetic resonance frequencies in out-of-plane and in-plane applied fields saturating the magnetization as:
and
where γ 0 = |γ|µ 0 is the gyromagnetic ratio. (For in-plane fields H x lower than H x, sat = H k1 − H k2 − M s the magnetization is tilted. A straightforward energy minimization was used to yield magnetization tilt θ that was subsequently injected to a Smit and Beljers equation to yield the FMR frequency). The best fit to the experimental data is obtained for µ 0 (H k1 − M s ) = 1.320 ± 0.005 T (corresponding to K 1 = 10 6 J/m 3 ) and µ 0 H k2 = 0.120 ± 0.015 T. Note that the second order anisotropy is small but non negligible such that the effective anisotropy fields deduced from easy and axis axis measurements would differ by circa 10% if H k2 was disregarded.
V. GILBERT DAMPING A. Models
We now turn to the analysis of the FMR linewidth (Fig.  3) . As common in FMR, the linewidth comprises an intrinsic Gilbert damping part and an extrinsic additional contribution linked to the lateral non uniformity of the local effective fields H k1 − M s . This can be gathered in a characteristic field ∆H 0 measuring the disorder relevant for FMR. In outof-plane field FMR experiments, the proportionality between effective fields and resonance frequencies (Eq. 1) allows to write simply ∆H 0 = 1 γ0 ∆ω| ω→0 , and for the perpendicular magnetization we follow the usual convention 16 and write:
or equivalently ∆ω perp = 2αω perp + γ 0 ∆H 0 . For in-plane magnetization, the intrinsic linewidth above the in-plane saturation field is
The resonance frequency (Eq. 2) is non linear with the effective fields such that the non uniformity ∆H 0 of the local effective fields translates in a linewidth broadening through the term
where the derivative term is
. In case of finite disorder, this factor diverges at the spatially-averaged in-plane saturation field H x, sat .
B. Results
For each applied field, the real and imaginary parts of the transverse permeability µ(f ) were fitted with the one expected for the uniform precession mode 25 with three free parameters: the FMR frequency ω FMR /(2π), the FMR linewidth ∆ω/(2π)) and a scaling (sensitivity) factor common to both real and imaginary parts of µ(f ) as illustrated in Fig. 3b .
When plotting the symmetric lorentzian-shaped imaginary part of the transverse permeability versus the asymetric lorentzian-shaped real part of the permeability for frequencies ranging from dc to infinity, a circle of diameter M s /[2α(H z + H k1 − M s )] should be obtained for a spatially uniform sample 18 . The finite disorder ∆H 0 distorts the experimental imaginary part of the permeability towards a larger and more gaussian shape. It can also damp and smoothen the positive and negative peaks of the real part of the permeability; when the applied field is such that the inhomogeneous broadening is larger than the intrinsic Gilbert linewidth, this results in a visible ellipticity of the polar plot of µ(f ). In our experimental polar plot of µ(f ) (Fig. 3a) the deviations from perfect circularity are hardly visible which indicates that the inhomogeneous broadening is not the dominant contribution to the sample FMR linewidth in out-of-plane field conditions.
To confirm this point we have plotted in Fig. 3c the dependence of FMR linewidth with FMR frequency for out-ofplane applied fields. A linear fit yields α = 0.021 ± 0.002 and ∆H 0 ≈ 40 mT. A substantial part of the measured linewidth thus still comes from the contribution of the lateral inhomogeneity of the effective anisotropy field within the film. As a result, low field measurements of the FMR linewidth would be insufficient to disentangle the Gilbert contribution and the structural disorder contributions to the total FMR linewidth.
The in-plane applied field FMR linewidth can in principle be used to confirm this estimate of the damping factor. Unfortunately we experience a weak signal to noise ratio in inplane field FMR experiments such that only a crude estimation of the linewidth was possible.Within the error bar, it is independent from the applied field from 1.7 to 2.5 T (not shown) which indicates that the disorder still substantially contributes to the linewidth even at our maximum achievable field. At 2.5 T the linewidth was 1 2π ∆ω in-plane ≈ 3.0 ± 0.3 GHz. This is consistent width the expectations of that would predict 2.2 GHz of intrinsic contribution (Eq. 4) and 0.4 GHz of intrinsic contribution (Eq. 5).
VI. DISCUSSION
We conclude that the damping of Co/Pt multilayers can be of the order of 0.02 even for multilayers with anisotropies among the strongest reported (see ref. 26 for a survey of the anisotropy of Co/Pt multilayers). Note that α ≈ 0.021 is still a higher bound, as we are unable to measure and subtract the spin-pumping contribution. Measuring the spin-pumping contribution would require to vary the cap and buffer layer thicknesses without affecting the multilayer structure which is difficult to achieve. Still, we can conclude that the damping of Co/Pt multilayers lies in the same range as other high anisotropy multilayers like Co/Ni (ref. 18 and 27) and Co/Pd (ref. 16) systems.
This conclusion is in stark contrast with the common thinking 7 that Co/Pt systems always have a large damping. This widespread opinion is based on the standard models of magneto-crystalline anisotropy 28 and damping 29 that predicts that they both scale with the square of the spin-orbit coupling ξ, which is particularly large in the Pt atoms. We emphasize that this expectation of large damping is not systematically verified: in studies that make a thorough analysis of the effects of structural disorder, no correlation was found between anisotropy and damping in comparable material systems 11, 16 . Rather, a large correlation was found between H k1 and ∆H 0 , indicating that when the anisotropy is strong, any local inhomogeneity thereof has a large impact on the FMR linewidth. Owing to the difficulty of achieving well-defined Co/Pt interfaces, we believe that past conclusions on the large damping of Co/Pt systems were based on systems likely to present some intermixing at the interface; indeed the presence of impurities with large spin-orbit coupling considerably degrades (increases) the damping of a magnetic material 30 and synchonously degrades (decreases) the magneto-crystalline anisotropy 31 .
VII. CONCLUSION
In summary, we have studied high anisotropy [Co(5 Å)/Pt(3 Å)]×6 multilayers grown by low pressure remote plasma sputter deposition. The deposition conditions were tuned to achieve abrupt interfaces with little intermixing. Broadband ferromagnetic resonance was used to measure the first and second order uniaxial anisotropy fields. With the magnetization measured by vibrating sample magnetometry, this yields an anisotropy energy of 1 MJ/m 3 . The inhomogeneous broadening accounts for part of the ferromagnetic resonance linewidth, indicating some structural disorder leading to a equivalent 40 mT (or equivalently 600 MHz) of inhomogenity of the effective field in out-of-plane applied fields. This FMRrelevant inhomogeneity is comparable to the coercivity of 47 mT. Despite the large anisotropy a Gilbert damping parameter as low as 0.021±0.002 is obtained. This unexpectedly relatively low damping factor indicates that the presence of the Pt heavy metal within the multilayer can in some condition not be detrimental to the damping. We interpret our results and literature values by analyzing the consequences of Pt/Co intermixing: Pt impurities within a Cobalt layer reduce locally the interface anisotropy as they reduce the abruptness of the composition profile, but they also increase substantially the Gilbert damping. As a result, a large anisotropy together with a low damping can be obtained provided that intermixing is minimized at the Co/Pt interfaces.
